The interaction between biological entities (e.g. biomolecules, tissues, cells, viruses and bacteria) with synthetic materials has gained a mounting scientific and technological interest for the development of novel functional biointerfaces able to actively guide and control specific adhesion and recognitions events. The field of functional biointerfaces is markedly interdisciplinary, bridging together bionanotechnologies, biomimetic devices, tissue engineering and biohybrid systems. The key to achieve important advances in the field of biointegrated devices resides in the successful integration of these technological and scientific areas. In this context, diverse but complementary contributions are needed on new biomaterials, multi-signal patterning methodologies, multi-scale modelling, advanced characterization, and processing technologies for the desired biomedical and biotechnological applications. Thus, the concept of functional biointerfaces is rapidly evolving and constantly gaining new valences. Chemical structure of the interfaces along with the electrical, mechanical and morphological properties at the nanoscale appears equally relevant to affect and drive the interaction between living and synthetic systems. A central aspect is the capability to optimize the functional properties with high spatial resolution, creating materials that are able to control the interaction with the biological surrounding at the nanoscale, thus guiding the responses of biomolecules, cells and tissues. Accordingly, by responding to changes in the biological environment or transformation from one state to another in the presence of biological systems, biofunctional interfaces must be able to improve device integration and control tissue regeneration as well as use a controlled response to power hybrid biodevices.
The development of biofunctional interfaces is of particular interest in the field of biomaterials for tissue engineering application. In this context, next generation of material scaffolds call for smart interfaces that encode complex arrays of bioactive signals able to control and guide cellular processes. These interfaces require a nanometric control of the presentation of physical and biochemical cues that recapitulate the spatio-temporal molecular regulatory cellular programme. Recently, micro-and nano-structured interfaces able to present biomolecular moieties in a tightly spatial and temporal controlled manner have been proposed as effective in cell guidance as in the case of functional angiogenesis and stem cell differentiation. These materials represent the first attempt to mimic the complex and dynamic microenvironment presented in vivo and to further develop material interfaces that correctly display the whole array of biosignals necessary to guide and control developmental process in tissue differentiation and morphogenesis; an increased symbiosis among material engineering, micro-and nano-technology, drug delivery, and cellular and molecular biology is needed.
Scaffold design concept has been constantly evolving during the last two decades, passing from the original notion of an inert temporary material permissive to cell and tissue growth to the modern concept of proactive cell-instructive material, able to control and guide tissue morphogenesis. Originally, scaffolds were envisaged as inert provisional constructs designed to provide geometrical guidance to cell and tissue growth. The modern concept, instead, assumes that scaffolds should provide an active guidance to the whole process of tissue repairing by displaying a series of chemical, biochemical and biophysical cues to elicit specific events at the cellular and tissue level. The development of modern scaffolds is driven by biomimicry-inspired design & 2013 The Author(s) Published by the Royal Society. All rights reserved.
to recapitulate the essential features of the molecular and structural microenviroment existing in the extracellular matrix (ECM) in a simplified form. For instance, several micro-and nano-fabrication strategies, including molecular and nanoparticulate self-assembly, micro-and nano-printing, electrospinning, and molecular and nanotemplating, have been used in an attempt to reproduce the spatial organization of the fibrillar structure of the ECM that provides essential guidance for cell organization, survival and function. The necessity to control the presentation of microenvironmental cues at cell level denotes the key shift from the concept of shape to cell guidance that accompanies modern scaffold design strategies. However, the attainment of biofunctional interfaces to control single cell function also requires a complete deciphering of cell-material communication code and in particular of the role of the spatial distribution of the relevant biophysical and biochemical signals on the process of cell recognition, adhesion, cytoskeleton assembly and migration.
To date, a large variety of cell-responsive material properties have been determined and classified, including hydrophobicity, surface charge, roughness and stiffness. The potential to pattern these material properties with micro-and nano-metric precision paves the way for the design of a novel class of materials-referred to as cell-instructive materialswith extended functionality and bioactivity. Chelli et al. [1] demonstrate that patterning molecular adhesive islands of laminin on substrate by a novel technology called MIMICs proves to be very effective in guiding the formation of adhesive plaques, and therefore affecting neural cell adhesion, shape and migration. The effect of gradients of adhesive signal is demonstrated to have a profound effect on cell alignment and stretching along the longitudinal direction of the molecular adhesive stripes. The results of this work point to the central role of gradient on cell adhesion, function and migration and indicate a possible viable strategy to control cell proliferation, recruitment and tissue organization. Apart from matricellular cues, surface topography also plays an important role in controlling the cell-material crosstalk at the interface. Fadeeva et al. [2] report that by modulating the surface topography of platinum surfaces, it is possible to control adhesion selectivity among cell types. By a fine control of the nanostructure texture at the interface, neuronal attachment and differentiation are favoured over fibroblast adhesion. Along the same lines, the contribution of Tonazzini et al. [3] highlight the central role of material topography on neuronal cell behaviour and elucidates the topography-reading process of neurons at the interface. Their results disclose the central role of filopodia formation and extension, and the cytoskeleton structure in the recognition of anisotropic topographical pattern. An enriched surface interaction and therefore a potentiated control might result from a combination of nanotopographical and biomolecular cues. Medda et al. [4] report on the possibility to positively affect the initial phase of mesenchymal stem cell (hMSC) adhesion on titanium alloy surfaces by an ordered deposition of gold nanoparticles functionalized with integrin-binding peptides. Their results demonstrate that by tuning the topographical and bioadhesive signals, it is possible to improve the control of stem cell differentiation. There is an increasing literature body that demonstrates the effects of cytoskeleton-generated forces on cell fate, which are a part of a wider process conventionally referred to as mechanotransduction. This process, i.e. the mechanisms by which mechanical forces are converted into biochemical functions, may occur at different levels. Of particular interest within the context of material-cytoskeleton crosstalk are those occurring at the adhesion and nucleus level. Patterning of material properties may interfere with the cellular adhesion phases influencing the assembly of the cytoskeleton. As it is well accepted that cytoskeletal organization and structure govern cell fate through mechanotransduction mechanisms, it follows that material surface texture might be designed to impart specific commands or instructions to cells. The paper mentioned above helps in elucidating the mechanisms by which cells sense biochemical and topographic signals, translate them into commands that regulate activity and fate by triggering specific intracellular pathways. Today, these findings represent the conceptual base for the development of bioactive surfaces able to govern the cell-material interaction and control specific cell function. For the development of the next generation of tissue engineering scaffolds, these concepts should be implemented in the current processes of scaffold manufacturing. For instance, conjugation of matricellular cues within the structure of three-dimensional scaffolds requires the definition and optimization of biofunctionalization protocols. Russo et al. [5] report on a flexible and effective method for the fixation of biomolecules on scaffolds of carbonate hydroxyapatite. Following this procedure, it is virtually possible to encode any relevant biomolecular signals within materials widely used for bone tissue engineering. Biofunctionalization of three-dimensional biomaterials also includes the enrichment of their physical properties and functions that do not directly affect the integrin attachment pathway. Sirivisoot et al. [6] demonstrate that enhancing the electrically conductive properties of collagen gels by adding conductive nanofibres of polyaniline results in a better control of neuronal differentiation of the PC-12 cells.
The proven central role of topography on cell-material interaction demands for a better control of the microand nano-structure of tissue engineering scaffolds. Novel techniques and processes for scaffold manufacturing are warranted to improve the micro-and nano-metric control of scaffold features to perform cell guidance even in thick threedimensional structures. Chiono et al. [7] report a strategy for controlling the microstructure of polymer scaffolds based on melt-extrusive additive manufacturing. They realized scaffolds with 08/908 fibre pattern and demonstrated that this microstructural architecture is suitable for adhesion and spreading of cardiac progenitor cells. A different technology to produce scaffolds with controlled microstructure and defined porosity is presented by Demitri et al. [8] . By combining a foaming technology with a chemical stabilization novel cellulose-based scaffolds were obtained. Finally, Oliveira et al. [9] report on the realization of PVA-based hydrogels with enhanced antibacterial properties obtained by reduction of AgNO 3 directly within the hydrogel structure.
Over the past 20 years or so, the concept of bioactivated surfaces has been tremendously revised and rationalized. Today, by a fortunate integration of the recent discovery of cellular and molecular biology that provides the fundamental understanding of the cell -material interaction mechanisms, as well as the terrific advancement in material science and nanotechnology that allows a considerable flexibility in encoding even complex functionality, it is possible to envision the design of bioactive programmable interfaces able to guide and control complex cellular processes. It is expected that next generation of surfaces will integrate more biology rsfs.royalsocietypublishing.org Interface Focus 4: 20130065 concepts enriching the spatio temporal control of signal presentation to better guide process at single cell level. These advancements in bioactivated surfaces is expected to have a relevant impact on biomaterials and tissue engineering scaffolds, as well as on advanced cell culture systems and single cell diagnosis devices.
